Proton therapy is increasingly being actively used in the treatment of cancer. In contrast to photons, protons have the potential advantage of delivering higher doses to the cancerous tissue and lower doses to the surrounding normal tissue. However, a range shifter is needed to degrade the beam energy in order to apply the pencil beam scanning technique to tumors located close to the minimum range. The secondary neutrons are produced in the beam path including within the patient's body as a result of nuclear interactions. Therefore, unintended side effects may possibly occur. The research related to the secondary neutrons generated during proton therapy has been presented in a variety of studies worldwide, since 2007. In this study, we measured the magnitude of the secondary neutron dose depending on the location of the detector and the use of a range shifter at the beam nozzle of the proton scanning mode, which was recently installed. In addition, the production of secondary neutrons was measured and estimated as a function of the distance between the isocenter and detector. The neutron dose was measured using WENDI-II (Wide Energy Neutron Detection Instruments) and a Plastic Water phantom; a Zebra dosimeter and 4-cm-thick range shifter were also employed as a phantom. In conclusion, we need to consider the secondary neutron dose at proton scanning facilities to employ the range shifter reasonably and effectively.
Introduction
Proton therapy has been actively used to treat cancers and its use is increasing globally. 1, 2) Currently, new proton therapy centers are under construction or being test-driven in the US, Japan, and the EU; plans for the construction of more accelerators are being considered.
3)
The Bragg peak, a unique property of a proton beam, is superior, compared to other cancer therapy techniques, in selectively transferring a relatively small dose to normal tissues and a maximum dose to tumor tissues. 4) Proton therapy methods are largely divided into scattering methods and scanning methods. Despite numerous advantages in scattering methods, intensity modulated proton therapy (IMPT) using scanning is being currently receiving much attention, and most of the new proton therapy centers currently under construction apply scanning methods for treatment.
Although proton therapy, owing to its advantages, is used for treatments at numerous proton therapy centers, it has drawbacks. Protons interact with components in the nozzle in the beam path or with the nuclei of the patient, thereby generating secondary particles. The types of secondary particles include neutrons, protons, electrons, alpha particles, and heavier fragments. Secondary neutrons generated by a proton beam may cause other problems besides the patient treatment due to their high relative biological effectiveness (RBE) and penetrating power in comparison to other photons. 5, 6) Secondary neutrons are one of the major factors that cause the increase of the total dose and secondary cancers of patients by affecting the integral dose. The first experiment measured neutron emission, based on 
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Results
In the first experiment, the Plastic Water phantom, located at the isocenter, was irradiated with a 230 MeV proton beam; the neutron dose was obtained at varying distance. Table 2 shows measurements of the secondary neutron emission from the isocenter in (1) the radial direction and (2) Table 2 , showing the secondary neutron dose according to the distance in the same direction. Table 3 shows the measurements of the neutron dose both with and without the range shifter with the detector in the first position. Although the neutron dose behind the phantom in the direction of the proton motion is extremely low, the neutron dose is higher without a range shifter, except for in Plan 1. The reason for this may be that a lower range affected neutron emission. However, the neutron emission was increased at the location of Plan 1, where the spread out bragg-peak is less than 4 cm long owing to the use of a 4-cm-thick range shifter.
On the other hand, the measurements at the side position of the range shifter confirmed that neutron dose increased overall with the presence of a range shifter because all secondary neutrons generated from nuclear reactions between the proton beam and the range shift could be measured when the measurement detector was located immediately behind the range shifter. Thus, if a patient were positioned here, the use of a range shifter would affect the increase in the neutron dose by a small amount. This study has confirmed that the neutron dose increases by a maximum of 39.3% at the location in Plan 2. Furthermore, as shown in Table 4 , as the volume irradiated with protons increases, the neutron emission increases; the neutron dose within the same volume is higher when the penetration depth of the protons is large. Figs. 9 and 10 are graphical representations of Tables 3 and 4 , respectively. Although scanning treatment is known to generate less neutron emission than scattering methods, from the ALARA (As Low As Reasonably Achievable) perspective, shielding measures must be established to reduce unnecessary radiation exposure to patients. 13) Therefore, shield planning could reasonably reduce unnecessary radiation exposure to patients by considering the results from this study at the stage of treatment planning.
Furthermore, the next study plans to investigate secondary neutron emission based on the types and thickness of range shifters through FLUKA Monte Carlo simulation code, further exploring shielding measures of secondary neutrons. The results from this study may provide resources for other institutions to explore shielding of neutron emission from a range shifter during proton scanning treatment, and the results may help to reduce unnecessary radiation exposure when treating patients.
